The resistance of a material to the growth of a crack is characterized by fracture toughness under monotonic load, and by fatigue threshold under cyclic load. The fatigue threshold of engineering elastomers is commonly limited to ∼50 J/m 2 , much below their toughness (10 3 ∼10 5 J/m 2 ). Here we report fatigue-resistant elastomers with threshold beyond 500 J/m 2 . Such an elastomer is a composite of two elastomers: a lattice of a hard elastomer embedded in a matrix of soft elastomer. Both the hard and soft elastomers are elastically stretchable, with small hysteresis. At a crack front in the composite, the soft matrix shears greatly, which de-concentrates stress in the hard lattice. When the crack advances in the composite, the energy dissipated scales with the feature size of the lattice. By contrast, when a crack advances in a homogeneous elastomer, the energy dissipated scales with the mesh size of the polymer network. The fatigue-resistant elastomers open new opportunities for applications requiring stretchable materials.
Introduction
Elastomers are ubiquitous in daily life, engineering, and medicine ( Bhowmick and Stephens, 20 0 0 ; Gent, 2012 ) . Examples include balloons ( Merritt and Weinhaus, 1978 ) , car tires ( Takeyama and Matsui, 1969 ) , tubes ( Zhu et al., 2010 ) , seals ( Le Floch et al., 2018 ; Whanger and Harrall, 2004 ) , gloves ( Wiley, 1934 ) , footballs ( Martin, 1959 ) , soft robots Shepherd et al., 2011 ) , and stretchable electronics ( Kim et al., 2011 ; Mannsfeld et al., 2010 ; Rogers et al., 2010 ; Yang et al., 2019b ) . Since the 1950s, the fracture of elastomers has been extensively studied; See recent reviews ( Creton and Ciccotti, 2016 ; Long and Hui, 2015 ; Mars and Fatemi, 2002 ) . Elastomers are made of entropic polymer networks, capable of repeated and large deformation. Lake and Thomas noted that the fatigue threshold for various elastomers is about Г 0 = 50 J/m 2 ( Lake and Thomas, 1967 ) , much below their toughness (10 3 ∼10 5 J/m 2 ). Lake and Thomas argued that, when a crack advances near the threshold, the low amplitude of cyclic load will not activate any energy dissipation in the bulk of the elastomer, so that the threshold comes from the energy dissipated in breaking the polymer chains lying on the crack plane. The Lake-Thomas model explains the low threshold of elastomers. Since then, how to enhance the fatigue threshold of elastomers has become a long standing issue. A conflict exists: a polymer network of long chains has high threshold, but low stiffness ( Bhowmick, 1988 ) .
Nature has discovered a strategy to resist fatigue crack. Skins, muscles, bones and cartilages use microstructures to deflect cracks ( Berisio et al., 2002 ; Jurvelin et al., 2003 ; Launey et al., 2010 ; Ritchie, 2014 ; Wegst et al., 2015 ; Yang et al., 2015 ) . Crack deflection makes polyvinyl alcohol (PVA) hydrogels insensitive to flaws under both monotonic and cyclic loads ( Bai et al., 2019b ) . High threshold beyond 10 0 0 J/m 2 has been reported ( Lin et al., 2019a ( Lin et al., , 2019b . The aligned PVA polymer chains in the crystalline domain resist the crack growth, and the rupture of a bundle of chains will release a lot of energy, which improves the threshold. However, the crystalline chains are only specific to limited types of polymers. It has been proposed to synthesize fatigue-resistant stretchable materials by embedding stretchable hard fibers inside a soft matrix Xiang et al., 2019 ) . The great shear in the soft matrix will alleviate the stress concentration in the hard fibers at the crack front. The crack is first blocked by the hard fiber; once the crack cuts the fiber, a large amount of elastic energy stored in the fiber will be released. Through this design, a threshold above 10 0 0 J/m 2 has been achieved using fibers of a polydimethylsiloxane (PDMS) . However, the PDMS fibers are not quite stretchable (ultimate stretch < 2) and the one-dimensional (1D) aligned fibers can only resist the fatigue crack in one direction. To reinforce materials in multiple directions, it is necessary to embed two-dimensional (2D) or even three-dimensional (3D) lattice inside a soft matrix. Lattices here mean the layout of the fibers: the macroscopic regular 2D patterns or 3D structures.
Here we report composite elastomers with high threshold ( > 500 J/m 2 ), high toughness ( > 60 0 0 J/m 2 ), and high stretchability ( > 5). The composite elastomer consists of an elastomer lattice with a high modulus (hard elastomer) and elastomer matrix with a low modulus (soft elastomer). We describe methods of fabrication and mechanical tests ( Section 2 ). We compare the available data of threshold and toughness of various elastomers ( Section 3 ). As a crack advances in the composite, the energy dissipated scales with the length of fibers. Since the energy stored in a macroscopic fiber is much higher than that of polymer chains, the fatigue threshold can be markedly enhanced ( Section 4 ). We use the extrusion printing to embed 2D hard elastomer structures (square and honeycomb) in the soft elastomer ( Section 5 ). The high modulus contrast and the strong interface adhesion between the hard and soft elastomers enable the fatigue resistance of the composite ( Section 6 ). We compare the fracture process of the 1D fiber and 2D structure reinforced composites and find that 2D composites are better than 1D composites in terms of preventing crack kinking ( Section 7 ). We describe the observed failure modes in the fatigue test of 2D composites. We further plot a curve of the energy release rate versus cycle number ( G-N curve). The composite shows a high threshold beyond 500 J/m 2 ( Section 8 ).
Experimental section

Synthesis of homogenous elastomers
We used two commercial silicone elastomers in our experiments: Ecoflex-0030 and Dragon skin-0020 from Smooth-On, Inc, both are platinum-catalyzed elastomers by mixing two parts (Part A and Part B). The polymerization process can be understood as following: catalyzed by platinum, the -SiH groups of the crosslinkers can react with the vinyl groups on the polymer chain to form three dimensional networks . Part A and Part B of Ecoflex-0030 were mixed with 1:1 wt ratio to prepare the soft elastomer. Dragon skin-0020 A and Ecoflex-0030 B were mixed in various weight ratios (1:1.5, 1:1.75 and 1:2) to synthesize hard elastomers. Part A and Part B were transferred to a vessel and mixed by a planetary mixer (Thinky ARE-300) at 20 0 0 RPM for one minute and degassed at 2200 RPM for another one minute. Then the precursor was poured into a glass mold with a spacer made of silicone rubber (thickness, 1 mm). The sample was stored in an oven at 60 °C for 4 h to cure the elastomers completely.
Manufacture of composite elastomers
The composite elastomers consisted of two constituents: the hard elastomer and the soft elastomer. For all the manufacture of composite elastomers, we used the weight ratio of (A:B = 1:1.5) to prepare the hard elastomer because it showed the highest modulus. Dragon skin-0020 A and Ecoflex-0030 B were first mixed by a planetary mixer and then loaded into a syringe of a 3D printer. The printer was modified from a MakerBot Replicator 2X. An air bump system (OTS-800-30L and AD-982) was set up to extrude the ink. Meanwhile, the metal platform of the printer was pre-heated to 110 °C. Driven by the air pressure, the precursor flowed from the nozzle to the platform in a designed pattern. The hot platform initiated the fast polymerization of the hard elastomer. After printing, the patterned hard elastomer was stored in an oven at 60 °C for 4 h to complete the polymerization. Next, the precursor of the soft elastomer was infused into the mold to fill the space left by the hard elastomer pattern. The composite was then stored at room temperature for 12 h for the polymerization of the soft matrix.
For the 2D square composite, the average width w f and thickness t f of a single fiber were 3.4 mm and 1.8 mm, respectively. The average spacing S f between two fibers was 8.9 mm. The thickness of the soft matrix t m was 0.9 mm. For the 2D honeycomb composite, the average width w f and thickness t f of a single fiber were 3.2 mm and 1.8 mm, respectively. The average side length of the internal hexagon S f was 5.0 mm. The thickness of the soft matrix t m was 1.3 mm. For the 1D fiber composite, the average width w f and thickness t f of a single 1D fiber were 3.2 mm and 1.8 mm, respectively. The average spacing S f between two 1D fibers was 9.6 mm. The thickness of the soft matrix t m was 1.26 mm.
Mechanical measurements
All mechanical measurements, including uniaxial tension, pure-shear test, 180-degree peeling test and fatigue test, were performed with a tensile machine (SMADAZU AGS-X). All specimens were loaded at a velocity of 50 mm/min except for the fatigue test. The fatigue test was loaded at a frequency of f = 0.2 Hz. An initial cut of 20 mm was set for the pure-shear and fatigue tests.
For uniaxial tension and peeling test, the length and width refer to the sample sizes parallel and perpendicular to the loading direction, respectively. For pure-shear and fatigue test, the height and width refer to the sample sizes parallel and perpendicular to the loading direction, respectively.
For uniaxial tension, the sample was cut into a dumbbell shape (length = 12 mm, width = 2 mm) using a designed metal cutter. For pure-shear tests, the sample was cut into 20 mm or 40 mm in height and 100 mm in width using a designed metal cutter.
For 180-degree peeling samples, the hard elastomer was first fully cured with a size of 80 mm × 10 mm × 2 mm. The hard rubber was transferred into a mold of 80 mm × 10 mm × 3 mm, and a piece of paper with a size of 10 mm × 10 mm was attached to one end of the hard rubber to introduce an initial crack. Then the precursor of the soft elastomer was poured into the mold with a thickness of 1 mm. The whole sample was then put into an oven at 60 °C for 4 h to complete the polymerization of the soft rubber and formed strong interface adhesion. To constrain the deformation of the peeling arms in the tests, stiff PET backings with a size of 80 mm × 12 mm × 0.05 mm were glued to back sides of both the hard elastomer and soft elastomer. The glue we used is a commercial product (Ausbond RTV adhesive).
The sample size for uniaxial tension was 12 mm × 2 mm × 1 mm. The Young's modulus was calculated by the linear fitting of the uniaxial tension curve from λ = 1 to λ = 2.5. The sample size for the pure-shear test was 20 mm × 100 mm × 1 mm. Stretch λ (also called extension ratio) is defined as the current size dividing by the initial size of a specimen in the loading direction. The toughness was calculated by integrating the stress-stretch curve of the unnotched sample from λ = 1 to the critical stretch λ = λ c to get W ( λ c ), and then multiplied by the sample height H , i.e., = HW ( λ c ). The adhesion energy was calculated as twice the value of the plateau peeling force F divided by the sample width w , which equaled to 2 F / w . The sample size for the pure-shear test was set to be 40 mm × 100 mm in order to clearly observe the fracture process. The sample size for the fatigue test was 20 mm × 100 mm. For each applied stretch λ applied , we conducted cyclic test for both the unnotched sample and notched sample. The stress-stretch curve of the unnotched sample was adopted to calculate the energy release rate G . The formula is the same as that for calculating the toughness. The fracture process of the notched sample was recorded by a digital camera (Cannon GI 890). We recorded the critical cycle number N when the first hard fiber totally broke at the front of the crack tip. By changing the energy release rate G , we can plot the G -N curve.
The threshold and toughness of elastomers
We collect data of threshold and toughness of various elastomers from published papers ( Ahagon and Gent, 1975 ; Bhowmick, 1988 ; Fleck et al., 1994 ; Gent and Tobias, 1982 ; Lake, 1972 Lake, , 1995 Lake and Thomas, 1967 ) ( Fig. 1 ). Existing elastomers have high toughness on the order of 10 3 ∼10 5 J/m 2 , but the threshold is much lower than the toughness. For instance, natural rubber shows a toughness of ∼10,0 0 0 J/m 2 , but the threshold is only ∼50 J/m 2 ( Lake and Thomas, 1967 ) . For other elastomers such as chloroprene rubber, butadiene rubber and polydimethylsiloxane (PDMS), the threshold is on the same order, irrelevant of the type of elastomers. The low fatigue threshold for all elastomers is understood in terms of the classical Lake-Thomas model. At the fatigue threshold, the extension of crack no longer activates the bulk dissipation of the elastomer; only the breaking of polymer chains (covalent bonds) at the crack plane contributes to the energy release. Improving the fatigue threshold of elastomers has become a long standing issue for decades, but less progress has been reported. Very recently, Wang et al. have proposed a strategy to prepare PDMS composite to achieve a threshold of 160 J/m 2 , while the stretchability of this composite is poor. Threshold above 10 0 0 J/m 2 has been reported for the PVA hydrogels ( Lin et al., 2019a ( Lin et al., , 2019b , and for an elastomer/hydrogel composite . In this paper, we have achieved a high threshold of 500 J/m 2 for highly stretchable composite elastomer, one order of magnitude higher than existing elastomers.
It is noted that a high threshold tearing energy of 20 0 ∼110 0 J/m 2 has been reported for carbon black filled rubbers ( Bhowmick et al., 1983 ( Bhowmick et al., , 1990 . However, the threshold was determined under static threshold conditions; i.e., the static tearing tests at high temperature, low rates of tearing, and with swollen samples. They had not conducted cyclic fatigue tests. We call the threshold under static tearing tests the slow-crack threshold and the threshold under cyclic tests the fatigue-crack threshold. In literature, it has been unclear whether the fatigue-crack threshold and the slow-crack threshold are identical ( Bai et al., 2019a ) . Therefore, we just collected the data of fatigue-crack thresholds in Fig. 1 .
Classical Lake-Thomas model and the generalized Lake-Thomas model
The high threshold of the composite elastomer can be explained by the generalized Lake-Thomas model established here, where macroscopic fibers rather than polymer chains are broken to advance the crack. Since the elastic energy stored in macroscopic fibers is much higher than that of polymer chains, the energy needed for the propagation of the crack is also much higher. The composite elastomers consist of hard elastomer fiber and soft elastomer matrix. In the generalized Lake-Thomas model, the crack extends by breaking the hard fibers and the threshold is equal to the elastic energy stored in a layer of fibers per unit area. Since the energy stored in a macroscopic fiber is essentially higher than that of polymer chains, the fatigue threshold can be simply enhanced to 100 ∼1000 J/m 2 .
The schematic for classical Lake-Thomas model is shown ( Fig. 2 ) . Elastomer is a three-dimensional polymer network. Each polymer chain consists of a large number of monomers linked by strong covalent bonds. Polymer chains are crosslinked to form a network also by covalent bonds. Between the chains, molecules interact through weak physical bonds, such as hydrogen bonds and van der Waals interaction. Lake-Thomas model assumes that the energy needed to advance the crack per unit area in a homogeneous elastomer equals to the covalent energy of a layer of polymer chains per unit area. This gives the equation Г 0 = el , where e is the chemical energy per unit volume, and l is the thickness of the single-chain layer The precursor of the soft matrix is infused into a mold to fill the space left by the printed pattern. The composite is preserved at room temperature for 12 h to cure the soft matrix. (c) Once cured, the soft elastomer and the hard elastomer will form strong adhesion at the interface. The designed patterns include (d) 2D square, (e) 2D honeycomb and (f) 1D parallel lines. The red part is hard elastomer and the white part is soft elastomer. w f is the average width of a single fiber; S f is the average spacing between two single fibers for 2D square and 1D composites, or the side length of the internal hexagon for the 2D honeycomb composite. Scale bar, 1 cm.
in the undeformed state. The energy per unit volume is e = bJ , where b is the number of single bonds per unit volume, J is the chemical energy of a C -C bond. In the undeformed state, the thickness of the single-chain layer is estimated by the random-walk model: l = an 1/2 , where a is the length of the monomer and n is the number of monomers in the chain. Combining the above equations we can get:
We take the numbers from the original paper of G. J. Lake and A. G. Thomas: J = 3.3 × 10 -19 J, a = 4.6 × 10 -10 m, and bn 1/2 = 6.6 × 10 28 /m 3 . The Lake-Thomas model gives Г 0 = 10 J/m 2 . Here we omit possible numerical pre-factors.
For the composite elastomers, we propose a generalized Lake-Thomas model to predict the threshold. Analogically, the energy needed to advance the crack per unit area equals to the covalent energy of a layer of fibers per unit area. This mechanism gives the following equation:
where L is the length of the fiber element, M is the number of fiber elements per unit volume and U is the energy needed to break the fiber. For a fiber reinforced composites, the length of the fiber is on the order of cm, thus L = 1 × 10 −2 m. Consider a cube with a side length of L . The cube has a volume of V = L 3 and has 3 independent edges. Then M can be well estimated by 3/ V as M = 3 × 10 6 m −3 . The deformation in the fiber is assumed to be uniaxial. Then we can estimate U from the uniaxial tension test: the fiber typically breaks at λ = 3, thus by integrating the stress-stretch curve of uniaxial tension from λ = 1 to λ = 3, we obtain U = 0.0133 J. The generalized Lake-Thomas model gives a threshold of Г 0 = 399 J/m 2 .
The essential reason for the low threshold of elastomers is that the energy needed to break polymer chains is small. Since the energy stored in a macroscopic fiber is much higher than that of polymer chains, the fatigue threshold can be simply enhanced for the composite.
Manufacture of the composite elastomers
Here we demonstrate the method to manufacture the composite elastomers ( Fig. 3 ) . The composite elastomer consists of elastomer fiber with a high modulus (hard elastomer) and elastomer matrix with a low modulus (soft elastomer). The first step is to print a hard elastomer. The precursor of the hard elastomer is loaded into a syringe of a direct-ink-writing printer. Meanwhile, the metal platform of the printer is pre-heated to 110 °C. Driven by the air pressure, the precursor flows from the nozzle to the platform in a designed 2D pattern. The hot platform initiates the fast polymerization of the hard elastomer ( Fig. 3 a) . The printed hard elastomer is further cured in an oven at 60 °C for 4 h to complete the polymerization. Next, the precursor of the soft elastomer is infused into the mold to fill the space left by the patterned hard elastomer ( Fig. 3 b) . The composite is stored at room temperature for 12 h to cure the soft matrix. Finally, the soft elastomer and the hard elastomer form strong adhesion at the interface, as a result of the covalent interlinking and topological entanglement ( Fig. 3 c) . With the help of 3D printing technology, we can easily print 2D patterned composites such as square ( Fig. 3 d) and honeycomb ( Fig. 3 e) , and 1D fiber reinforced composites ( Fig. 3 f) . The red part is hard elastomer and the white part is soft elastomer. 
Mechanical measurements of homogenous elastomers
Two prerequisites should be satisfied for the synthesis of the composite: (1) the hard elastomer and soft elastomer need to have large modulus difference; (2) the interface between the hard elastomer and soft elastomer should be strong to resist the shear deformation. To validate these two conditions, we will characterize the mechanical properties of the homogeneous elastomers in this section. The measured mechanical properties include the uniaxial tension curves, Young's modulus, toughness and adhesion energy.
We mix Dragon skin-0020 A and Ecoflex-0030 B in various weight ratios to synthesize hard elastomers with different modulus. We mix part A and part B of Ecoflex-0030 to synthesize the soft elastomer. The uniaxial tension curves of various elastomers are plotted ( Fig. 4 a) . The higher the ratio of (Ecoflex-0030 B), the lower the stress at the same stretch. All the elastomers show extremely high stretchability (ultimate stretch > 12). We can obtain Young's modulus of these elastomers by linearly fitting the stress-stretch curves from λ = 1 to λ = 2.5 ( Fig. 4 b) . Higher fraction of (Ecoflex-0030 B) leads to a lower modulus for the composite. The largest modulus ratio is 3.76 between the hard elastomer (A:B = 1:1.5) to the soft elastomer. The modulus ratio can be easily tuned by adjusting the weight ratios between the two elastomer constituents. We further conduct pure-shear tests to determine the toughness of the elastomers. All notched samples show similarly low critical stretch with λ c < 2 ( Fig. 4 c) . The toughness Г is calculated by integrating the stress-stretch curve of the unnotched sample from λ = 1 to λ = λ c to get W ( λ c ) and then multiplied by the sample height H , i.e., Г = HW ( λ c ). The hard elastomers show similar toughness ∼800 J/m 2 , slightly higher than that of soft elastomer (558.67 ± 8.33 J/m 2 ) ( Fig. 4 d) . Since strong adhesion between the two elastomer constituents is significant to the integrity of the composites , we will characterize the adhesion energy using 180-degree peeling test ( Fig. 4 e) . We prepare bilayer samples of the hard elastomer and soft elastomer, and glue stiff PET backing to the upper and lower faces of the bilayer to constrain the elongation of the peeling arm . An initial crack of 10 mm is made on the interface. We observe adhesive failure for all the peeling samples ( Fig. 4 e) , where the white one is the hard elastomer and the green one is the soft elastomer. High adhesion energy can be achieved for all the three hard elastomers to soft elastomer without any chemical treatment ( Fig. 4 f) . The adhesion energy are 230 ± 8 J/m 2 , 250 ± 15 J/m 2 and 250 ± 7 J/m 2 for the cases of A:B (1:1.5), A:B (1:1.75) and A:B (1:2), respectively. In all the following experiments, we will use the elastomer with a weight ratio of (A:B = 1:1.5) as the hard elastomer, because of its largest modulus.
Fracture of composite elastomers
To compare the fracture process of 1D and 2D composites, we use a large sample (width = 100 mm, height = 40 mm) to observe the crack propagation. We firstly study the 1D fiber reinforced composites with an initial cut of 20 mm. The parallel hard fibers are evenly distributed in the soft matrix. The notched sample is continuously loaded till the ultimate rupture and the stress-stretch curve is recorded ( Fig. 5 a) . The curve is divided into 5 regions corresponding to the 5 stages in the fracture process. Firstly, the crack propagates smoothly in the soft matrix to the edge of the hard fiber and blunts greatly due to low modulus of the soft matrix ( Fig. 5 b) . Secondly, the crack kinks to the vertical direction along the interface ( Fig. 5 c) . The stress concentration in the hard fiber at the crack tip is significantly reduced due to the crack blunting. The alleviated stress concentration around the hard fiber enables it to be stretched over a long segment and a large amount of elastic energy is stored in the fiber. Thirdly, the kinking crack keeps propagating along the interface through the whole sample and stops at the clamp ( Fig. 5 d) . Fourthly, the hard fiber breaks at a large stretch and the stored elastic energy is released, leading to a sudden drop of the stress ( Fig. 5 e) . Since the remaining intact fibers can still bear load, the stress goes up again. Finally, the whole sample fails and all fibers are broken ( Fig. 5 f) .
Although the parallel alignment of 1D hard fibers can increase the toughness and the threshold, the kinking crack will split the whole sample before the breaking of the fibers. The crack kinking should be blocked rather than propagates through the whole sample. This failure mode should be avoided for practical applications such as biomedical devices, soft robots ( Martinez et al., 2014 ) and wearable electronics.
As comparison, we will show the fracture process of the composite with 2D patterned fibers ( Fig. 6 ) . The hard fibers are continuously distributed in the soft matrix in both the vertical and horizontal direction. The stress-stretch curve is shown ( Fig. 6 a) . Similarly, we also divide the fracture process into 5 stages. The crack also blunts and kinks to the vertical direction along the interface ( Fig. 6 b and c) . However, different to the 1D case, the kinking crack propagation will be blocked by the horizontal fiber ( Fig. 6 d) . Further stretch leads to the breaking of the hard fiber and the failure of the whole sample ( Fig. 6 e and f). 2D aligned hard fibers can not only increase the toughness and threshold, but also constrain the crack kinking in a single grid before the fiber breaking.
The toughness of the soft elastomer, hard elastomer, 1D and 2D composites are compared ( Fig. 7 ) . The samples are set to be 100 mm in width and 40 mm in height for the pure shear test. Firstly, unnotched samples of various materials are stretched monotonously until failure. Composites rupture at almost the same stretch as homogeneous elastomers, and they all show a large ultimate stretch with λ > 5 ( Fig. 7 a) . Secondly, notched samples with a cut of 20 mm are stretched until the final rupture. Composites show much larger critical stretch λ c than homogeneous elastomers ( Fig. 7 b) . Local damage (such as fiber breaking) may occur before reaching the peak stress, implied by the stress drop for 1D composite. Here we omit this detail and regard the peak stress as the fracture point (marked with the symbol "×" in stress-stretch curves) to calculate the toughness. The critical stretch λ c of notched samples are 1.52 ± 0.02, 1.43 ± 0.01, 3.11 ± 0.22 and 3.06 ± 0.19, for soft elastomer, hard elastomer, 1D and 2D composites, respectively ( Fig. 7 c) . Corresponding toughness are 305.33 ± 18.04 J/m 2 , 617.33 ± 23.09 J/m 2 , 5421.33 ± 1281.53 J/m 2 and 5693.33 ± 1194.43 J/m 2 for soft elastomer, hard elastomer, 1D and 2D composites, respectively ( Fig. 7 d) . It is seen that the fiber reinforced composite strategy can greatly toughen the homogeneous elastomers by an order of magnitude. 
Fatigue of 2D composite elastomers
To determine the fatigue resistance of the composite elastomers, we carry out cyclic pure-shear tests following the procedure developed by Thomas A. G. and others Thomas, 1959 ) . The definition of fatigue failure corresponds to the failure of the first hard fiber in front of the initial crack. The cyclic test of the notched sample is used to quantify the crack growth, while that of the unnotched sample is used to calculate the energy release rate G from stress-stretch curves.
The notched sample is stretched from λ = 1 to λ = λ applied repeatedly at a frequency of f = 0.2 Hz ( Fig. 8 a) . The unnotched sample is also stretched to the same displacement repeatedly at the same frequency. Since the stress-stretch curves demonstrate steadily slight decline with cycles, it is necessary to determine which curve to be integrated to obtain G = HW ( λ applied ) ( Fig. 8 b) . Following our previous papers ( Bai et al., 2017 ; Zhang et al., 2018 ) , we use the 20 0 0th cycle to calculate G, since the stress decline is negligible after 20 0 0 cycles ( Fig. 8 b) . While for some large stretches, the notched sample will fail locally before 20 0 0 cycles. In this case, we define N c as the cycle number when the first fiber totally breaks and use the N c th cycle of stress-stretch curve to calculate G . We observe four failure modes of the composite elastomers at different loadings: catastrophic fracture, fiber cut by crack, crack kinks and fiber breaks, and crack stopped by fibers. When the applied stretch is high ( λ = 3.1, G = 3130 J/m 2 ), the sample fails catastrophically at the 1st cycle ( Fig. 8 c) . We lower the stretch slightly ( λ = 2.75 and G = 1700 J/m 2 ), the crack propagates and cuts the fiber directly after 60 cycles ( Fig. 8 d) . We further reduce the stretch to ( λ = 2.25 and G = 1068 J/m 2 ), the crack kinking first occurs at the 50th cycles. After 478 cycles, the fiber breaks ( Fig. 8 e) . When the stretch is reduced to a low level such as ( λ = 2 and G = 537 J/m 2 ), crack kinking will happen first (kinking starts at the 117th cycle and stops at the 460th cycle), but the crack is fully stopped by the hard fiber even after 39,200 cycles ( Fig. 8 f) . In fact, the sample can cycles. This energy release rate G is the lower limit of the fatigue threshold. Fig. 9 . G-N curve of the composite elastomer. At each energy release rate G , we record the critical cycle number N when the first fiber breaks and plot the G -N curve. As G decreases, the cycle number of the composite increases dramatically; around the fatigue threshold 0 , the cycle number is ∼40,0 0 0 cycles which we regard as infinity. This G -N curve gives a lower limit of the fatigue threshold of 500 J/m 2 , ten times of that for natural rubbers.
be loaded at this stretch for more cycles, but we have not pursued that due to the limitation of time. We regard this energy release rate G = 537 J/m 2 as the lower limit of the fatigue threshold for the 2D composites. Usually at room temperature, it is difficult to achieve threshold strength. Threshold strength is obtained when all dissipative processes are minimized, by doing experiments at high temperature, low-rates tearing and under swollen conditions ( Bhowmick et al., 1983 ; Gent and Tobias, 1982 ) . In our experiments, we determine the fatigue threshold at room temperature, which may be higher than that under threshold conditions. Hence, the fatigue threshold here means the minimum value in this experiment.
We record each energy release rate G and the corresponding failure cycle number N to plot the G -N curve ( Fig. 9 ) . We regard the first fiber breaking as the failure of the sample. A clear declining trend is seen for the G -N curve: the lower the applied load G , the longer the sustained cycle N . When G approaches a threshold 0 , the cycle number N goes up dramatically. The blue arrows mean that after tens of thousands cycles, the sample still remain intact. When G = 537 J/m 2 , the cycle number is ∼40,0 0 0 cycles which we regard as infinity. We could do more cycles near the threshold, but we did not pursue that here. This G -N curve gives a fatigue threshold of ∼500 J/m 2 , one order of magnitude higher than that of natural rubbers (50 J/m 2 ).
Conclusion
In conclusion, we have developed fatigue-resistant elastomers. The fatigue threshold for the composite elastomer is beyond 500 J/m 2 , one order of magnitude higher than existing elastomers. The threshold of the composites has been predicted by a generalized Lake-Thomas model. We have printed several 2D patterns of hard fibers to synthesize the composite. The 2D composite elastomers demonstrate different fracture process to that of 1D composites and four failure modes are shown in their fatigue tests: catastrophic fracture, fiber cut by crack, crack kinks and fiber breaks, and crack stopped by fibers. Recent study has shown that network imperfections can reduce the strength of synthesized polymers by 5 orders of magnitude ( Liu et al., 2019 ; Yang et al., 2019a ) . It is worthwhile to develop high-strength fibers for composites. Moreover, 3D patterns of hard fibers can be printed to mimic biological tissues in the future work. We hope that this work can stimulate more fundamental research and engineering applications.
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